Wavelet phase difference analysis shows that the determined time shift between variations of the He i and O v intensities is dominated by waves with about 300 s periodicity. We interpret these results as giving evidence of compressive waves that propagate downward from the transition region to the chromosphere in the particular chromospheric network. We discuss different scenarios regarding origin and source localization of waves, and we speculate on their role in coronal heating above chromospheric network.
Introduction
The proposed mechanisms to heat the solar corona can roughly be divided into two groups: (i) dissipation of magneto-acoustic waves excited in the photosphere, and (ii) magnetic reconnection in the corona (see e.g. the review by Narain & Ulmschneider 1996) . We address these two mechanisms here for the quiet sun using ultraviolet spectrometry. Our approach is that the latter may discriminate between the two classes of mechanisms.
The first mechanism, wave heating, is thought to result from the footpoint motions imposed by convective motions on the strong-field fluxtubes that are visible as photospheric bright points concentrated in the magnetic network (Muller et al. 1994) . Thus, the photospheric plasma motion continually affects magnetic field lines and excites magneto-acoustic waves. Such waves propagate upward along the magnetic field lines and transfer energy from the photosphere to the upper atmosphere where it may get dissipated after transformation of the waves to smaller spatial scales through phase mixing (Heyvaerts & Priest 1983 ) and/or resonant absorption (Ionson 1978 ; see e.g. the review by The second mechanism, reconnection heating, may occur from outer-atmosphere field topology changes imposed by photospheric footpoint motions (Priest 1982) and/or by field line deformations that produce small-scale reconnection events called nanoflares (Parker 1988 ) with a duration of a few seconds and scales below the present observational limits. However, a nanoflare should create strong stress in magnetic field lines which may propagate downward as a magnetic body wave. Hansteen et al. (1997) attributed the observed redshift of transition region emission lines to such downward propagating compressive waves. On the other hand, Peter et al. (2004) synthesized coronal line profiles from threedimensional MHD modeling and showed that field-line braiding is a prime candidate for coronal heating in magnetically closed structures.
Determination of the dominant mechanism to heat the outer solar atmosphere in/above chromospheric network is often based on results obtained from analysis of the oscillatory behaviour (Hansteen et al. 2000; Banerjee et al. 2001) or from numerical modeling (Hansteen 1993; Wikstøl et al. 1997) . Both techniques suggest the presence of the propagating waves in this part of the solar atmosphere.
In this paper we study wave modulation of ultraviolet emission lines in and above quiet chromospheric network. In particular, we employ cross-correlation and wavelet analysis of the intensities as well as the Doppler shifts of emission lines of He i (chromosphere), O v (transition region) and Mg ix (coronal) to study waves at different heights and their di- rection of propagation. Preliminary results have been reported by Gömöry et al. (2005) .
Data and data reduction
We use data taken with the Coronal Diagnostic Spectrometer (CDS, Harrison et al. 1995) onboard the Solar and Heliospheric Observatory (SOHO, Domingo et al. 1995) in a JOP 78 (Kučera et al. 1999 ) from 23:25 UT until 23:53 UT on May 14, 1998. A quiet region of the solar atmosphere near disk center ( Fig. 1 ) was observed with the normal incidence part (NIS) of CDS using the 2 arcsec wide and 141 arcsec (84 pixels) long slit in three spectral lines, namely: He i 584.33 Å (log T = 4.5), O v 629.73 Å (log T = 5.3) and Mg ix 368.07 Å (log T = 6.0).
We should remind here that the He lines have complex formation history which may be influenced by the coronal EUV radiation field (O'Shea et al. 2002) . But, very recently Mauas et al. (2005) showed that even in an active region the incident coronal radiation has only very small effect on the UV lines of the He. Therefore we can assume that the detected He i radiation reflects only conditions of the upper chromosphere. A dataset of 190 spectral images with an exposure time of 5 s and cadence of 9.1 s was obtained using the "sit-and-stare" observation mode. Due to solar rotation a drift scan of 28.8 min was obtained. The final scanned area is 141 arcsec × 4.4 arcsec. As the spatial extent of chromospheric network features seen in the O v line with CDS is typically about 10 arcsec (Gallagher et al. 1998) , variations of spectral line parameters shorter than one hour are likely to be local variations rather then feature drift. Moreover, Fig. 1 demonstrates that the same individual chromospheric network (Y = 185−221 arcsec) was observed.
Using standard CDS software 1 , the raw measurements were corrected for CCD readout bias, flat-field, cosmic rays, and other instrumental effects of the CDS/NIS instrument. The measurements were then converted to physical units. For the Mg ix line, binning of 2 pixels along the slit and 5 exposures in time was performed to increase the signal-to-noise. A single Gaussian with a linear background and Poisson statistics (for pixel weighing) were used for fitting of each spectral line profile the low signal-to-noise has not allowed to perform a multicomponent fitting of this spectral line. The fitted data product consists of the intensities (i.e. amplitudes of the Gaussian profiles) and the Doppler shifts per spatial pixel per exposure (primary data). The wavelength scales were adjusted using the average redshift / blueshift of the transition region / coronal spectral lines of Peter & Judge (1999) and laboratory wavelengths of Macpherson & Jordan (1999 
Analysis
Only data of one part of the chromospheric network, henceforth called quiet network, visible in Fig. 1 on the slit between Y = 207−213 arcsec (i.e. four pixels along the slit) are analyzed here. These data are of the highest signal-to-noise ratio in all spectral lines and they are not influenced by eruptive events. One such event detected in the O v Doppler shift (Y = 187−198 arcsec) was studied in detail and identified as an explosive event (Gömöry et al. 2003) .
The He i , O v and Mg ix intensities and the Doppler shifts were averaged over the four pixels covering quiet network (as specified above) for each exposure. The averaged temporal variations were then smoothed with a running mean of five time steps (Fig. 2) . Cross-correlation functions of the averaged and smoothed temporal variations of the He i , O v and Mg ix intensities as well as the Doppler shifts (Fig. 3) were calculated using the algorithm of Gömöry et al. (2004a) . In this algorithm the removal of the edge pixel effect and subtraction of background trends are taken into account. A wavelet power analysis of all temporal variations (Fig. 4 ) was performed using a technique developed by Torrence & Compo (1998) . The Morlet wavelet (Grossman & Morlet 1984) , as analyzing function, and the value of the wavenumber equal to 6 (high temporal resolution) were used for computation of the continuous wavelet power spectra. Note that wavelet transform suffers from edge effects at both ends of the time series. Therefore, all resulting periods above 500 s could be widely affected and were not taken into account. As significance test, confidence level at 99% was calculated using a white noise background spectrum.
A wavelet phase difference (Fig. 5 ) was also calculated following the method of Torrence & Compo (1998) using the same wavelet and wavenumber as described above. 15% coherence exceedence level was used as significance test here (Bloomfield et al. 2004 ). As the cross-correlation function of the He i and O v intensities reaches a maximum value of around 0.5 only, we used the wavelet phase difference analysis to clarify the significance of the found negative time shift between the He i and O v intensities (Fig. 5) . This analysis reveals that there is relevant negative phase delay of -20
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The temporal variations of the Mg ix intensity and the Doppler shift are displayed in Fig. 2 . Note that binning of 2 consecutive pixels along the slit and 5 exposures in time was performed for the Mg ix line. Both temporal variations were crosscorrelated with the corresponding O v curves (Fig. 3) . But, only very ambiguous results were obtained from the crosscorrelation function of the O v and Mg ix intensities. As this cross-correlation reaches multiple maximum (for time shifts of +200 s and −360 s) it is impossible to determine whether the changes were achieved first in the O v intensity and then in the Mg ix intensity (positive time shift) or if it was happened reversely (negative time shift). Moreover, no cross-correlation was found between the O v and Mg ix Doppler shifts.
The wavelet power spectra from the Mg ix intensity and the Doppler shift were also calculated (Fig. 4) . The Mg ix intensity reveals significant power for periodicities in the range from 150 s to 300 s with the strongest peak around the period of 230 s. These oscillations are relevant mainly in the second part of the observing sequence, i.e. during the period from 15 min to 26.6 min. Note that there are also significant oscillations with periodicity around 100 s but with duration of only 3.3 min. The Mg ix Doppler shift shows relevant power for periods around 300 s which are significant for the first 15.8 min of the observations. Oscillations with periodicity around 110 s are also detected. In this case the bursty nature of the oscillations was confirmed, whereas they were relevant in the time intervals from 4.2 min to 7.5 min and from 11.6 min to 22.5 min.
Discussion
Several authors have studied the properties of spectral lines observed in the UV and visible part of the electromagnetic wavelength range and reported that the chromospheric plasma localized in network oscillates with a dominant period around 330 s (Kneer & von Uexküll 1993; Lites et al. 1993; Steffens et al. 1997; Judge et al. 1997; Curdt & Heinzel 1998; Krijger et al. 2001) . Our analysis of the He i intensity revealed very similar dominant oscillations with a periodicity of 300 s occurring at around 15.5 min. In contrast, Doyle et al. (1998) analyzed intensity modulations of the same chromospheric spectral line (He i 584 Å) and revealed presence of dominant oscillations with considerable shorter periodicity of 200 s. But we should note that their results were not derived from the most intense regions, so the network nature of those oscillations is uncertain. In case of the He i Doppler shift we found oscillations with periodicities of 220 s and 450 s which lifetimes were at least 8.3 min and 15.8 min, respectively, but they were estimated only with low power. However, Hansteen el al. (2000) revealed that Doppler shifts of chromospheric spectral lines show strong power for periodicities in the range from 160 s to 250 s and also relevant oscillations with longer periods around 330 s and 400 s. Moreover, Banerjee et al. (2001) found that Doppler shift oscillations can extend up to values around 500 s. They also reported the intermittent nature of the chromospheric oscillations with a typical lifetime of 10 min to 15 min. Note that the discussed periods and typical lifetimes of the Doppler shift oscillations are very similar to our results, thus corroborating our findings.
Temporal variation of the O v intensity and Doppler shift discussed here showed dominant oscillations with the periodicity around 300 s and around 450 s for the intensity and oscillations with periods around 250 s and around 450 s for the Doppler shift. We also found that the lifetime of the shorter periods was approximately 10 min. Doyle et al. (1998) found that the intensities of the transition region spectral lines show oscillations with dominant periods in the range from 200 s to 500 s with the strongest power around 300 s but moreover they revealed periods with lower relevance approaching 600 s. Hansteen et al. (2000) reported relevant transition region oscillations with periodicities in a band from 100 s to 330 s with the strongest peaks around 100 s, 200 s and 330 s for intensity and 200 s for Doppler shift. Banerjee et al. (2001) pointed out that intensities of transition region spectral lines show significant power in the range from 250 s to 500 s with the strongest peaks around 280 s and 420 s, whereas the Doppler shifts do not show any significant power within this interval, but oscillate with periods close to 660 s. Moreover, they showed that the lifetime of these oscillations is approximately 20 min and can extend up to around 40 min in case of the Doppler shifts. Although we analyzed a rather short data set, the found periods as well as their times of appearance are even though in good coincidence with the previous results. Moreover, our results confirm the presence of two groups of transition region oscillations in the network, i.e. oscillations with shorter periods (∼250 s) as well as with longer periods (∼400 s and more).
The periods of the coronal oscillations above chromospheric network are not very well known, although there have been several attempts to determine them. Doyle et al. (1998) reported that the low signal-to-noise detected in the studied coronal line (log T = 6.0) did not allow them to investigate oscillations in the corona. Banerjee et al. (2001) analyzed the same spectral line but although they found some oscillations with the periods around 100 s and 160 s the low count rates led to low reliability of these findings. Despite of lower signal-tonoise in the coronal Mg ix line, we found significant coronal oscillations with periods similar to the results of Banerjee et al. (2001) . But in addition, we also revealed that these oscillations . Topological models of the quiet solar atmosphere above chromospheric network adopted after Gabriel (1976; left and middle) and after Dowdy et al. (1986; right) could extend up to longer periods (∼300 s). Several authors analyzed the TRACE measurements of the UV emissions from coronal loops and they found coronal oscillations with periods of 300 s (De Moortel et al. 2002a , 2002b Marsh et al. 2003) .
We should note that the oscillations with periods of 100 s which we found in the Mg ix line intensities were present only during a very short time interval of the observing sequence, so their relevance is very uncertain.
Applying cross-correlation function to the temporal series of the He i and O v intensities we found negative time shift between them, i.e. O v intensity precedes He i intensity. The relevance of this negative time shift was confirmed by wavelet phase difference analysis of these temporal variations which moreover revealed that the obtained time shift is dominated by oscillations with 300 s periodicity. This demonstrates that the intensity changes start in the transition region and afterwards in the chromosphere. We revealed that the cross-correlation function of the Doppler shifts of these lines reaches its maximum for the time shift of 0 s. This implies simultaneous macroscopic plasma motion in the chromosphere and transition region. Following these results we can assume that the nonradiative energy had to be transfered from the transition region downward to the chromosphere without any significant bulk mass motion. Assuming a magnetic nature of the chromospheric network (Stenflo 1994; Peter 2001a Peter , 2001b which creates conditions for the existence of magneto-acoustic waves our results can be explained by downward propagating compressive waves taking place in this part of the solar atmosphere. Moreover, we found that the mean spectral profiles of these lines, corrected for the instrumental profile, are dominated by non-thermal broadening. While the thermal broadening of the spectral lines is 0.018 Å for the He i and 0.034 Å for the O v, the non-thermal broadening reaches values of 0.266 Å and 0.275 Å, respectively. Instrumental line broadening was estimated by the Gaussian function with the full width at half maximum (FWHM) equal to the slit width (i.e. 2 arcsec). In order to test the reliability of obtained results we also overestimated instrumental line broadening (three times larger value of FWHM) but the resulting non-thermal broadenings remained dominant. Wikstøl at al. (1997) simulated upward and downward propagating waves in/above chromospheric network and showed that the order of intensity changes detected in spectral lines with different formation temperatures unambiguously determines direction of the wave propagation. They also pointed out that the downward propagating waves affect profiles of the spectral lines much more strongly than upward propagating waves. In particular they showed that the spectral line broadening is much greater if the emitting plasma is influenced by downward propagating waves than by upward propagating waves. Thus, clear observational evidence of the significant non-thermal line broadening can also support the assumption of presence of downward propagating waves. Curdt et al. (1999) studied quiet solar atmosphere in/above chromospheric network near disk center and cross-correlated the temporal variations of the Ca ii K intensities with the intensities of the higher lines of the hydrogen Lyman series and Lyman continuum. They found positive time shifts and interpreted them as evidence of propagating waves that are spreading out from the chromosphere to the transition region. Summarizing their and our results we can assume that both downward as well as upward propagating waves can occur between the quiet chromospheric and transition region layers in the network at different times.
The ambiguous interpretation of the cross-correlation function of the O v and Mg ix intensities (multiple maximum) does not allow to determine if the proposed waves originate in the corona and then spread down to lower parts of the solar atmosphere or if they originate in the transition region and later affect the chromosphere and corona (Fig. 6, left) . Hansteen (1993) (Gabriel 1976) then it is also possible that the observed parts of the transition region and the corona were not magnetically coupled. In this case the waves could be magnetically driven from an unobserved part of the corona to the observed part of the transition region but also vice versa (Fig. 6, middle) . This suggestion is supported by TRACE co-observations in the Fe ix 171 Å channel (Gömöry et al. 2004b ) which show a much more extended area of coronal emission above chromospheric network under study. So the assumption that the waves could originate in the part of the corona unobserved by the CDS instrument is not in contradiction with our findings.
On the other hand, low cross-correlation of the O v and Mg ix intensities and no cross-correlation between their Doppler shifts could predict that the signals discussed here originated in different magnetic structures (Fig. 6, right) . The multicomponent model of the chromospheric network (Dowdy et al. 1986 , Peter 2001a ) predicts the existence of small lowlying loops next to the magnetic funnels. Although the radiation emitted from these different structures can be in principle resolved (Peter 2001a (Peter , 2001b ) the CDS spectral resolution is not high enough to achieve this goal. Following this model it can be alternatively assumed that the observed downward propagating waves occur only in low-lying loops and do not affect the corona above the particular chromospheric network.
Conclusion
Although we are not able to localize the original source of waves, we clearly show the presence of the downward propagating compressive waves spreading from the transition region to the chromosphere. Moreover, the time shift between the He i and O v intensities discussed here corresponds with the results determined by Hansteen (1993) for the downward propagating compressive waves excited by nanoflares in corona. This probably points to the coronal origin of the proposed waves. Following this we can state that our observational findings do not conflict with predictions derived for the reconnection heating mechanism of the outer solar atmosphere above chromospheric network.
